Spin-polarized scanning tunneling microscopy investigations reveal a significant increase of the magnetic period of spin spirals in three-atomic-layer-thick Fe films on Ir(111), from about 4 nm at 8 K to about 65 nm at room temperature. We attribute this considerable influence of temperature on the magnetic length scale of noncollinear spin states to different exchange interaction coefficients in the different Fe layers. We thus propose a classical spin model which reproduces the experimental observations and in which the crucial feature is the presence of magnetically coupled atomic layers with different interaction strengths. This model might also apply for many other systems, especially magnetic multilayers.
Recently, significant attention is turned towards the possible spintronics applications of noncollinear magnetic configurations in ultrathin films, including chiral domain walls [1] and isolated skyrmions [2] . The Dzyaloshinsky-Moriya interaction [3, 4] , induced by the breaking of inversion symmetry at the interface and the strong spin-orbit coupling in the substrate, plays an important role in stabilizing such noncollinear states. Crucial points for improving spintronics devices do not only include decreasing the electrical currents and magnetic fields necessary for their operation, but also ensuring a good thermal stability. A possible solution to the latter problem is to use magnetic films or multilayers with a thickness such that the critical temperature is well above 300 K, which has been proven successful in stabilizing room-temperature skyrmions [5] [6] [7] [8] . Here we aim to improve thermal stability in simple epitaxial systems by increasing the thickness of an Fe layer on Ir(111), where the Fe/Ir interface is known to induce a strong Dzyaloshinsky-Moriya interaction [9] . Spinpolarized scanning tunneling microscopy (SP-STM) measurements revealed a nanoskyrmion lattice in the monolayer Fe on Ir(111) which vanishes at 28 K [10] . Since it was predicted and observed for various transition metal ultrathin films that the Curie temperature increases with the thickness of the film [11] [12] [13] , we expect an improved thermal stability for the double-and triple-layer Fe films.
In the monolayer, the experiments did not reveal a modification of the ratio between the atomic and magnetic periods with the increase in temperature [10] , which is also the case for other noncollinear spin states at the nanometer scale, for example in the monolayer Mn [14] and the double layer Fe on W(110) [15] . However, in several bulk materials it has already been observed [16] that the period of the noncollinear order within the incommensurate phase may depend on the temperature. For example, the period gradually increases with temperature by less than 10% in USb 0.9 Te 0.1 [17] , while it decreases by about 30% in Dy and Er [16] . In some cases, the change in the magnetic period is connected to a similar modification of the atomic structure with temperature, as it was demonstrated in bulk ZnCr 2 Se 4 [18] .
In this paper, we report on SP-STM measurements performed on ultrathin Fe films on Ir(111) at various temperatures. We demonstrate that the critical temperature of the noncollinear order significantly rises from 28 K in the monolayer [10] through 150-200 K in the double layer to above room temperature in the triple layer. Furthermore, we show that the period of the cycloidal spin spiral state gradually increases from 4 nm at 8 K to about 65 nm at room temperature in the triple layer. Although an enhancement of the period with temperature is not unprecedented [16] , its magnitude is remarkably large in the present system. We attribute this trend to the different strain relief and hybridization effects between the three atomic layers, and construct a classical spin model with layer-dependent interaction parameters to explain the phenomenon. For ultrathin films thicker than a monolayer, an effective model with a mapping onto a single layer might be too simplistic to describe the influence of temperature on the spin structure. This could be important e. g. in the calculation of magnetic phase diagrams, especially for multilayer systems with many different interfaces.
The SP-STM measurements performed at different temperatures are illustrated in Fig. 1 . The experimental methods are discussed in the Supplemental Material [19] . Because of the large lattice mismatch between the Fe layer and the Ir substrate, the films exhibit dislocation lines for coverages above a monolayer [20] [21] [22] as visible in the constant-current topography image in Fig. 1(a) . The noncollinear magnetic structure of the Fe film at low temperature is visible in the spin-polarized differential conductance map in Fig. 1(b) showing the out-of-plane component of the sample magnetization. The alternating bright and dark stripes correspond to cycloidal spin spirals propagating along the dislocation lines in both the double-and triple-layer areas. The distance between 50 nm (a) these lines is locally varying, because the strain relief is not uniform. The period of the spin spirals is correlated with the strain variation, which induces a spreading of the wavelengths between 1.5 and 2 nm in the double layer [20] . Furthermore, two types of dislocation lines coexist in the triple layer. In one case, the spin spirals have a period of 3 to 4 nm and a zigzag-shaped wavefront (clearly visible in Fig. 1(c) ), whereas on the other type of area the periods are ranging from 5 to 10 nm and the wavefront is straight but canted with respect to the dislocation lines (see the blue box in Fig. 1(b) ). These differences arise from the local arrangement of the atoms in the Fe layer [22] . In addition to previous reports, the magnetic state of the quadruple layer is also shown in the image. It is ferromagnetic at low temperature on the length scale of the island size (about 100 nm), with the domains assuming several different magnetization directions, which we attribute to a weak magnetic anisotropy.
The temperature was raised in several steps up to room temperature. Up to 150 K, the wavefront shape of the spin spirals is conserved in the double layer and their period stays within the range observed at low temperature, Figs. 1(d) -(e)), which demonstrates the enhancement of the thermal stability over the monolayer case where the nanoskyrmion lattice disappears at 28 K [10] . However, since our SP-STM measurements are time-averaged, this vanishing could be caused by spin fluctuations within a shorter time scale than the measurement and thus the actual critical temperature for the double layer might be higher [23] .
In the triple layer, the period of the spin spirals increases clearly and at 200 K, the spiral wavefronts are not zigzag-shaped anymore, with a wavelength of 14 nm in the area shown in Fig. 1(e) . At room temperature, the magnetism looks strikingly different from the lowtemperature case as illustrated in Fig. 1(g) . The spiral wavelengths are much larger (between 55 and 80 nm) and all the wavefronts are straight and perpendicular to the dislocation lines. Note that the spirals are nevertheless still guided by the dislocation lines, but the lo-cal atomic arrangement does not influence the wavefront anymore for such large magnetic length scales. Furthermore, the spirals cross the step edges between the tripleand quadruple-layer Fe areas, highlighting a ferromagnetic coupling between the third and the fourth atomic layers which exhibit the same magnetic wavelength.
In order to quantify the period increase in the triple layer, further measurements were performed at intermediate temperatures and the data are collected in Fig. 2(a) . On average, the period rises by a factor of 4 between 8 K and 250 K, and again by a factor of 4 between 250 K and room temperature. The large dispersion of the data points at each temperature is linked to the strain-relief effect discussed in Ref. [22] .
For a quantitative theoretical explanation of the remarkable increase of the spiral wavelength with temperature, we relied on a model which treats the three atomic layers of Fe separately instead of using single Heisenberg and Dzyaloshinsky-Moriya interactions for the whole ultrathin film. The model Hamiltonian reads Fig. 2(c) .
Regarding the temperature-dependent spin spiral period, the crucial point about Eq. (1) is the consideration of layer-dependent interaction parameters. Layerdependent coupling coefficients naturally appear during ab initio calculations [24] [25] [26] [27] due to the different hybridization effects for atomic layers with different distances to the non-magnetic substrate and the vacuum interface. In the present system, this choice is further supported by the fact that the actual intralayer atomic distances may differ between the three Fe layers due to the strain relief [21, 22] . Note that the microscopic parameters in Eq. (1) are not explicitly temperature dependent. In an atomistic model this is generally justified for Fe which has strong localized magnetic moments [28] . In principle, a modification of the atomic structure with temperature could influence the coupling coefficients [18, 29] . However, we did not observe any obvious modification of the structure of the Fe film as a function of temperature in the topographic images. In addition, the mechanisms discussed in Ref. [16] for homogeneous bulk magnets seemed to be insufficient to quan- titatively explain the exceptionally large increase of the period in the triple layer Fe. For obtaining such a strong temperature dependence of the period, it was necessary to assume that the J pp and D pp intralayer couplings determine different spiral periods in the different layers. The DzyaloshinskyMoriya interaction is expected to get weaker when moving away from the Ir substrate, since it primarily ap-pears at the interface between the magnetic Fe layers and the heavy metal Ir substrate with strong spin-orbit coupling. On the contrary, the Heisenberg exchange interactions should get stronger when moving away from the substrate, partly because the rearrangement of the Fe atoms into the bcc structure [21] should make their values approximate the strong ferromagnetic coupling in bcc Fe, and partly because ab initio calculations indicate a weakening of the Heisenberg exchange interactions at Fe/Ir interfaces due to hybridization effects [30] [31] [32] [33] . As a net effect, the determined period will be higher in layers further away from the Ir substrate. It is also assumed that if only the intralayer couplings are considered, then the critical temperature of the layers should increase from the first layer towards the third. The interlayer ferromagnetic couplings J 12 , J 23 contribute to the enhancement of the thermal stability, while ensuring that the layers are coupled sufficiently strongly to each other, meaning that the period of the spin spiral will be the same between the three layers at any fixed temperature, and that the triple layer will only have a single critical temperature.
How the period depends on the temperature can be understood from a mean-field model. Following the derivation given in the Supplemental Material [19] , the free energy F MF per spin of the spin spiral state with wave vector k may be expressed as
with
the mean field in energy dimensions in layer p,
the Fourier transform of the interaction coefficients, and S p (k) the order parameter of the spin spiral state. N denotes the number of atoms in a single layer. The equilibrium period of the spin spiral may be obtained by minimizing Eq. (2) with respect to the wave vector k. The wave vector dependence of the free energy is included in the coupling coefficients J pq (k), which are minimized by different k values in the different layers as mentioned above. The temperature dependence is encapsulated in the order parameters S p (k) , which do not depend significantly on the wave vector. However, S p (k) decreases faster with temperature in the first and second layers than in the third one, gradually decreasing their relative contribution to the free energy expression (2) . This effect shifts the minimum of F MF (k) towards lower wave vectors with increasing temperature, explaining the effect observed in the experiments. The interaction coefficients in Eq. (1) were determined based on the above assumptions regarding their relative magnitudes, and the numerical values summarized in Fig. 2(d) were obtained by tuning the values in order to quantitatively reproduce the temperature dependence observed in the experiments by mean-field calculations and Monte Carlo simulations. Figure 2 (c) demonstrates a good agreement between the theoretical model and the experiments. The details of the simulations are given in the Supplemental Material [19] . Note that explaining the zigzag wavefront of the spin spirals [34] or the range of possible periods at low temperature [22] requires assumptions going beyond the model in Eq. (1), but the Hamiltonian seems to capture the main mechanism behind the temperature dependence of the wavelength.
In summary, we have shown using SP-STM measurements that the observed magnetic period in the triplelayer Fe on Ir(111) increases significantly, by approximately a factor of 16 between 8 K and 300 K. Based on the different hybridization and strain relief effects in the three atomic layers, we proposed a theoretical model with layer-dependent coupling coefficients, which quantitatively reproduces the period increase observed in the experiments. Since the presence of different and coupled magnetic layers appears to be decisive, our work shows that the usual mapping of ultrathin films onto a single effective layer might fail to describe temperature effects or phase diagrams for films thicker than a single atomic layer. Our results can hence motivate further investigations in magnetic multilayers regarding the finite temperature behavior of noncollinear spin structures.
